The Tox5 gene encodes trichodiene synthase, the first unique enzyme in the trichothecene biosynthetic pathway. In Gibberella pulicaris R-6380, the level of Tox5 mRNA was found to increase 47-fold in early stationary phase. Sequence analysis of the Tox5 promoter regions from geographically distinct strains of G. pulicaris revealed the existence of two Tox5 alleles (Tox5-1 and Tox5-2). All G. pulicaris strains that produce high levels of trichothecenes in liquid culture carry a 42-nucleotide (nt) tandem repeat sequence (Tox5-1) in the Tox5 promoter region, whereas strains that produce low levels of trichothecenes carry a single copy of this sequence (Tox5-2). A genetic cross between high-and low-level trichothecene producers resulted in the cosegregation of higher-level trichothecene production with the Tox5-1 allele. To determine the importance of the 42-nt repeat sequence in the regulation of Tox5 expression, reporter gene constructs carrying either the Tox5-1 or the Tox5-2 promoter region fused to the~-galactosidasegene of Escherichia coli were introduced into the high-Ievel-trichothecene-producing strain, R-6380. Expression of reporter gene activity in transformants was found to be regulated in a manner similar to Tox5 expression but appeared to be independent of the 42-nt sequence copy number. These results indicate that transcriptional controls play an important role in the regulation of Tox5 expression and that genes involved in trichothecene biosynthesis in G. pulicaris may be linked to Tox5.
U lie ationa ·en e Utilization expression, the promoter regions of the Tox5 genes from HP and LP strains have been analyzed. We report here that the regulation of Tox5 expression appears to be under transcriptional control and that the promoter region of To.x5 in most HP strains contains a 42-nucleotide (nt) tandem repeat that is not present in any of the geographically distinct LP strains we have analyzed. The significance of this sequence with respect to its possible involvement in the regulation of Tox5 expression is discussed.
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Trichothecenes are a family of toxic sesquiterpenoids produced by some Fusarium species and by members of several related genera (23) . They are potent inhibitors of protein synthesis and may playa role in some plant diseases caused by these fungi (6) . The accumulation of trichothecenes in agricultural products can substantially reduce their value and has been linked to incidents of mycotoxicoses in humans and animals (24) .
The ability of Gibberella pulicaris (anamorph: Fusarium sambucinum) strains to produce trichothecenes in liquid culture varies widely (1, 3) . Although most strains produce relatively high levels of trichothecenes, a few strains that consistently produce low or undetectable levels of trichothecenes have been identified. These differences in trichothecene production levels may reflect differences in the regulation of trichothecene biosynthesis between strains producing high and low levels. Genetic crosses between high-level-producing (HP) and low-level-producing (LP) strains indicate that multiple unlinked genes are involved in the regulation of trichothecene production (3) .
Trichodiene synthase is the first unique enzyme in the trichothecene pathway, making it a potential control point for pathway regulation. The gene encoding trichodiene synthase (Tox5) has been isolated from G. pulicaris R-6380 (10) and shown to be present in a single copy. In liquid cultures of G. pulicaris, the expression of trichodiene synthase appears to be highly regulated (8) . Previously we reported that the LP strain R-5455 produces very low levels of trichodiene synthase in liquid culture (8) , suggesting that the low levels of trichothecenes produced by this strain may be due to altered Tox5 gene expression.
In an effort to better understand the regulation of Tox5 were grown in GYEP medium at 28°C in the dark with shaking at 200 rpm as previously described (8) . Cultures were harvested by filtration, and the mycelial mats (approximately 0.5 to 1.0 g) were immediately ground in liquid N z . RNA was isolated by using the RNaid kit (Bio 101) and the acid-phenol procedure described in the manufacturer's product literature. Northern blotting was carried out as described elsewhere (7) . Blots were probed with the 3zP-Iabeled XhoISacI restriction fragment (1,125 bp) from pGP58 (10) containing the Tox5 gene. Following hybridization, the blots were exposed to Kodak XAR X-ray film and then analyzed with the AMBIS radioanalytical system (AMBIS Inc., San Diego, Calif.). Enzyme assays. Cultures grown in GYEP medium were harvested by filtration, and then the mycelia were ground in liquid N z and resuspended in 1.5 ml of breakage buffer (100 mM NaP0 4 , pH 7.5; 10 mM KCI; 1 mM MgCl z ; and 45 mM 2-mercaptoethanol). Cell homogenates were centrifuged at 14,000 x g for 5 min at 4°C, and the supernatant was stored at -65°C. For trichodiene synthase assays, the breakage buffer and assay conditions were as described elsewhere (12) . The assay for~-galactosidase activity was as described previously (20) and employed o-nitrophenol-~-D-galactopy ranoside (Aldrich) as the substrate. Protein concentrations were determined by the method of Bradford (2) by using the Bio-Rad protein assay (Bio-Rad Laboratories) with bovine gamma globulin as the standard.
PCR and DNA sequencing. The procedures employed for amplifying DNA fragments by polymerase chain reaction (PCR) have been described (18) . The promoter region of the Tox5 gene was amplified from field strains with primers 61 (5'-CCAGATCTGTACCTATCGCTTGCGTAGC-3') and 22 (5'-TCTACCTTGAGCAGCTG-3'). The promoter regions of the reporter gene constructs were amplified from transformants with primers 61 and 171 (5'-TCCCAGTCACGACGT TGTTA-3'). Fragments were analyzed on 1.5% agarose gels run in 40 mM Tris-acetate-1 mM EDTA. Sequencing was performed by two different methods. The amplified fragments were purified by Gene Clean (Bio 101) and used directly as templates for sequencing with the Taq DyeDeoxy Terminator Cycle Sequencing Kit (Applied Biosystems) according to the manufacturer's instructions. Sequencing reactions were analyzed with the Applied Biosystems automated sequencer, model 473A. Alternatively, amplified fragments were used to generate single-strand templates by an asymmetric PCR technique (13) . These templates were sequenced as previously described (9) .
Reporter gene constructions and transformation of G. pulicaris. Plasmid pGP58-1 (10) served as the source of the Tox5 gene sequences. The XhoI-SacI fragment of pGP58-1, which consists of nt 75 through 1200 of the Tox5 coding region, was replaced by a synthetic DNA fragment with XhoI-SacIcompatible ends containing a BglII site. The synthetic DNA fragment was created by annealing oligonucleotides 25 (5'-TCGAAGGAGATCTAGCT-3') and 26 (5'-AGATCTCCT-3'). The resulting plasmid, designated pTS81-1, was further modifed by the insertion of a BamHI fragment from pMC1871 (Pharmacia), which encodes amino acids 8 through 1027 of the~-galactosidasegene of Escherichia coli, into the unique BglII site. The final step of the reporter gene plasmid construction involved the insertion of the blunt-ended SaLIHindIII fragment from pUCH1 (22) , which contains the hygromycin phosphotransferase-coding region fused in frame to promoter 1 from Cochliobolus heterostrophus, into the blunt-ended HindIII site to yield pTS88-1 (see Fig. 3 ). Transformation of G. pulicaris and the subsequent selection and isolation of transformants were performed by the method described elsewhere (19) .
RESULTS AND DISCUSSION
Regulation of Tox5 gene expression. Previously we observed that trichodiene synthase activity and the trichodiene synthase polypeptide were first detected at 25 h postinoculation in cultures of G. pulicaris grown in GYEP medium (8) . Under these growth conditions, trichodiene synthase activity increased 10-fold between 25 and 43 h and then continued to increase up to 150 h. To investigate the regulation of Tox5 gene expression, cultures grown in GYEP medium were harvested over a 42-h time period and analyzed for Tox5 mRNA. Northern blots of RNA isolated at 18,22,25,31, and 43 h were found to contain a single band of approximately 1,450 nt when probed with a restriction fragment consisting of the Tox5 coding region (Fig. 1) . The size of this mRNA is close to the size predicted for the Tox5 mRNA, which has a coding region of 1,149 nt. The levels of Tox5 mRNA increased 47-fold between 18 and 42 h and paralleled the previously reported changes in trichodiene synthase activity (8) . These results indicated that transcriptional controls may play an important role in regulating Tox5 expression.
Analysis of the ToxS promoter region in field strains of G. pulicaris. Previous surveys of more than 70 sexually fertile strains of G. pulicaris indicated that most are HP strains (producing > 50 Il-g of trichothecenes per ml) that produce predominately 4,15-diacetoxyscirpenol in liquid culture (1) . Of these sexually fertile strains, only 10 consistently appeared to be LP strains (producing <20 Il-g of trichothecenes per ml). At least one LP strain (R-5455) has been shown to produce very low levels of the enzyme trichodiene synthase (8) . In order to determine whether the differences in trichothecene production by HP and LP strains are due to differ- was amplified from each of six HP strains and seven LP strains. The selection of strains for promoter region analysis was based on geographic diversity and membership in different vegetative compatibility groups to maximize the diversity of the strains analyzed (4). In strain R-6380, this fragment was previously shown to contain a 42-nt repeated sequence (10) between -280 and -364 (Fig. 2 ). An interesting feature of this 42-nt sequence is the presence of two copies of an 8-nt sequence (CTAAAGAT) that also occurs at position -130. The resulting amplified fragments were analyzed on an agarose gel. Two classes of fragments were observed, with sizes which differed by about 30 to 40 bp. This result supports the existence of different Tox5 alleles, which we have designated TOJc5-1 and Tox5-2, in HP and LP strains, respectively. The fragments amplified from most HP strains, including R-6380, were approximately 580 bp, while fragments amplified from LP strains were approximately 540 bp (Table 1) . To determine how these alleles differed from each other, the Tox5 promoter regions from three HP strains and six LP strains were sequenced. Analysis of the promoter region sequences revealed that LP strains did not contain the 42-nt tandem repeat present in the R-6380 sequence (Fig. 2) but were otherwise identical to the HP strains. The distribution of the Tox5 alleles among the strains analyzed was independent of geographic area, mating type (1), and the sequence of the ribosomal DNA internal transcribed spacer (17) .
Segregation of the trichothecene production phenotype and the ToxS-l and Tox-S-2 alleles. Preliminary data from the survey of field isolates suggested an association between a high level of trichothecene production and the Tox5-1 allele. To further test this association, genetic crosses were made between strains that differ with respect to these traits.
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APPL. E VIRON. MICROBIOL. Low-level sexual fertility is a recurring problem in studies of field strains of G. pulicaris (1) . Attempts to cross the field strains employed in this study revealed that, with the exception of R-6380, all had low-level female fertility. Furthermore, most of the crosses with strain R-6380 had a low fertility level, yielding fewer than 50% viable random ascospores or tetrad progeny. These crosses were not used for Tox5 promoter analysis because events affecting ascospore viability might also influence segregation of the traits under study. Three crosses displayed high levels of fertility; two of these were randomly selected for further study by tetrad analysis in order to follow the precise segregation of Tox5 alleles and trichothecene production phenotypes. One of the two fertile crosses analyzed was cross 1421, in which strain R-6380 (HP and Tox5-1) was crossed with a laboratoryderived strain, 1l04-R-6 (LP and Tox5-2 [5] ). The trichothecene production levels of progeny analyzed from seven tetrads of cross 1421 were too low «25 I-Lg/ml) to permit the identification of HP and LP phenotypes. The other fertile cross analyzed was cross 1987, in which strain R-9149 (LP and Tox5-2) was crossed with the laboratory-derived strain 1810-1-5 (HP and Tox5-l). Cross 1987 yielded abundant complete tetrads, and the trichothecene production levels of the progeny were sufficiently distinct to test the association of traits. In a representative tetrad, levels of trichothecenes in LP progeny ranged from 5 to 82 I-Lg/ml and those in HP progeny ranged from 185 to 363 I-Lg/ml. In each of the seven tetrads from cross 1987 that were analyzed, the HP phenotype cosegregated with the Tox5-1 allele. These results indicated that the Tox5-1 allele might play a role in determining the HP phenotype.
Expression of reporter genes carrying the promoter regions of ToxS-l and ToxS-2 alleles. The significance of the 42-nt repeat sequence in the regulation of Tox5 gene expression was investigated by analyzing the expression of reporter genes carrying the promoter regions of the Tox5-1 and Tox5-2 alleles. Reporter genes in which a fragment of the Tox5 gene of R-6380 containing 401 bp of the sequence upstream from the ATG and the first 75 bp of the coding region was fused in frame to the coding region of the l3-galactosidase gene from E. coli were constructed. The product of this chimeric gene codes for the first 25 amino acids of trichodiene synthase and amino acids 9 through 1027 of l3-galactosidase. In addition, the SacI-PstI fragment of the Tox5 gene from strain R-6380 is present immediately following the l3-galactosidase stop codon. This fragment consists of 285 bp of the 3' flanking sequence, which may contain the Tox5 transcriptional termination sequence(s). The plasmid carrying the reporter gene, pTS88-1 (Fig. 3) , also carries the hygromycin resistance cassette from pUCHl (22) , enabling the selection of transformants on hygromycin B-containing media. A reporter gene carrying the promoter region of Tox5-2 was also constructed by the specific deletion of one copy of the 42-nt sequence from pTS88-1 as a SmaI fragment to yield the plasmid pTS88-1ilSmaI.
Following the transformation of strain R-6380 (HP and Tox5-1) with either PTS88-1 or pTS88-1MmaI, hygromycin B-resistant colonies were picked. Southern blots of genomic DNA probed with 32P-labeled pTS88-1 identified four transformants carrying pTS88-1 and four transformants carrying pTS88-1ilSmaI that contained the 3.6-kb EcoRI fragment (Fig. 3) upon which the Tox5 promoter and the l3-galactosidase coding region reside. Southern blotting analysis also revealed that integration of the transformation vector occurred ectopically at a single site in all eight transformants. This result is consistent with a previous report that homologous integration occurs at a relatively low frequency in G. pulicaris (10) . To confirm that these transformants carried the appropriate Tox5 promoter-l3-galactosidase construct, the promoter region of the reporter gene was amplified by PCR with primers corresponding to the 5' ends of both the Tox5 promoter region (nt 1 to 22) and the l3-galactosidase coding region. The PCR products from the pTS88-1 transformants consisted of single bands of the expected size (484 bp) that were about 40 bp larger than the single bands observed in PCRs with DNA from pTS88-1ilSmaI transformants. No fragment was amplified from the host strain R-6380 control.
Transformants were analyzed for both trichothecene production and l3-galactosidase activity. The trichothecene production levels for all transformants were within 10% of the production level of the host strain. To determine whether reporter gene expression in pTS88-1 transformants was similar to Tox5 expression, l3-galactosidase activity levels in the transformants were compared with trichodiene synthase activity levels in strain R-6380 at three different times postinoculation ( Table 2 ). The increases in l3-galactosidase activity levels for the pTS88-1 transformants varied over a range of 6-to 33-fold between 24 and 96 h, while trichodiene synthase activity increased 6.7-fold. This result indicates VOL. 59, 1993
that the 40l-bp Tox5 promoter region fragment present in pTS88-1 is sufficient to regulate temporal expression of a reporter gene in a manner similar to regulation of Tox5 expression. The expression of f3-galactosidase activity in pTS88-1~SmaI transformants was similar to that observed in pTS88-1 transformants. Although the levels of enzyme activity appeared to be somewhat lower than in the pTS88-1 transformants at the 24-and 48-h sampling times, the activity at 96 h did not appear significantly different. The similar patterns of expression shown by the two reporter gene constructs indicate that the 42-nt repeated sequence in the Tox5-1 allele does not significantly alter Tox5 expression and therefore is probably not responsible for the higher levels of trichothecenes produced by strains carrying this allele. However, these results do not exclude the possibility that the 42-nt sequence or its subsequences may playa role in the regulation of Tox5 expression. The differences observed in reporter gene expression between individual transformants could be due to integration of the transforming plasmid at different sites in the genome. In some filamentous fungi, the level of gene expression has been shown to vary among transformants carrying a nonhomologously integrated gene (14, 16) . It is also possible that some transformants may contain tandem duplications of the reporter gene that could influence reporter gene expression. However there are several examples of filamentous fungi in which increasing gene copy number appears to have little effect on the levels of gene expression (14, 25) . We have shown that Tox5 mRNA levels increase dramatically during early stationary phase in cultures of G. pulcaris grown in GYEP medium and that a 40l-bp fragment of the Tox5 promoter region is sufficient to regulate the temporal expression of a reporter gene in a manner similar to regulation of Tox5 expression. The availability of this reporter gene construct will permit further investigations of the promoter sequences that are involved in the regulation of Tox5 expression.
The cosegregation of different trichothecene production phenotypes with the Tox5-1 and Tox5-2 alleles indicates that some trichothecene pathway genes may be linked to Tox5 in G. pulicaris. We have recently shown that several trichothecene pathway genes are closely linked to Tox5 in Fusarium sporotrichioides (11) , and preliminary results indicate that this is also the case in G. pulicaris (7a) .
